We have examined the changes in neuronal expression of oxytocin mRNA in the perinatal and mature female rat as a function of endogenous gonadal steroids. Northern blot analysis demonstrated a significant developmental increase in the abundance of oxytocin mRNA in the female brain concomitant with puberty. Ovariectomy of adult females decreased total brain oxytocin mRNA to significantly lower levels. In contrast, lactating mothers had increased levels of neuronal oxytocin mRNA. In situ hybridization analysis of neuronal oxytocin mRNA in adolescent, mature virgin, and ovariectomized virgin female brains demonstrated that the location and number of neurons expressing oxytocin mRNA was unchanged and that total brain oxytocin mRNA differences were attributable to amounts expressed per neuron. Differences in mRNA abundance were noted in oxytocin neurons throughout the hypothalamus, including those known to project as magnocellular neurons to the neurohypophysis and those of parvocellular origin thought to make wholly intracerebral connections. This developmental and dynamic regulation of oxytocin mRNA levels during gonadal maturation may coordinate the peripheral and central effects of this peptide on the reproductive biology of the female rat.
The nonapeptide oxytocin has been implicated as a neurosecretory peptide involved in labor and milk ejection and as a centrally active neuropeptide responsible for stimulating sexual and maternal behaviors (1) (2) (3) (4) . Oxytocinergic neurons in the supraoptic and paraventricular nuclei of the hypothalamus project to the posterior pituitary where the peptide is released into the circulation (5) . In addition, oxytocinergic parvocellular neurons have been shown to project to many extrahypothalamic brain areas, including regions of spinal cord, brainstem, and forebrain (5, 6) .
Ovarian steroids, which play a central role in the control of reproductive function, influence both neurosecretory and intracerebrally projecting oxytocinergic neurons. Estrogen treatment stimulates the release of oxytocin into the peripheral circulation (7) , induces oxytocin binding sites in the brain (8) , influences the electrical activity ofoxytocinergic neurons (9) , and alters the pattern of oxytocinergic cells and fibers in the brain, as detected by immunocytochemistry (10) (11) (12) . How estrogen mediates these changes is unknown, although a subpopulation of oxytocinergic neurons have binding sites for estradiol (13, 14) .
We are interested in neural correlates of behavioral changes that accompany puberty. To determine whether the oxytocinergic system is modified by increased ovarian steroids during female adolescence, we have investigated neuronal levels of oxytocin mRNA before, during, and after puberty using Northern blot and in situ hybridization analyses. These studies demonstrate that there is a coordinate increase in the abundance of oxytocin mRNA in both neurosecretory and centrally projecting neurons concomitant with puberty. Ovariectomy of mature females leads to a decrease in the levels of oxytocin mRNA in the same populations of neurons and lactation leads to an increase, indicating that oxytocinergic neurons continue to be influenced by gonadal steroids in the mature animal. RNA Isolation and Analysis. Total cytoplasmic RNA was isolated from freshly dissected whole brain and analyzed by RNA blotting as described (15) . The genomic clone used to probe specifically for the oxytocin precursor mRNA was a gift of H. Schmale (University of Hamburg) and corresponded to exon C and part of the second intron of the rat oxytocin gene (16) . Radiolabeled (17) . The 32P-labeled probe thus prepared was hybridized to the immobilized RNA under conditions of 50%o (vol/vol) formamide and 65°C. Blots were standardized by staining for RNA and/or hybridization to total rat a-tubulin mRNA (18) to control for degradation and amount of the RNA samples loaded.
In Situ Hybridization. Rats were anesthetized with chloral hydrate and perfused with ice-cold 4% (wt/vol) paraformaldehyde in 120 mM sodium phosphate buffer (pH 7.3) , and the brains were removed and prepared as described (18) . Coronal cryostat sections (16 ,m) were mounted on slides and hybridized with 35S-labeled antisense RNA probes as described (18) with minor modifications (19) . After hybridization, slides were air-dried and apposed to Dupont Cronex 4 film for 2-48 hr to obtain x-ray images. Slides were then dipped in Kodak NTB2 emulsion, exposed for 12 hr to 3 days (depending on the intensity of the x-ray image), developed, counterstained with hematoxylin and eosin, and analyzed using brightfield and darkfield microscopy. A number of controls were used to ensure specificity of hybridization to tTo whom reprint requests should be addressed.
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FIG. 1.
Distribution of oxytocinergic neurons in the brain of the female rat as detected by in situ hybridization. Neurons labeled with a probe specific to the oxytocin precursor mRNA were detected in a number oflocations in the rostral forebrain and hypothalamus, including the sexually dimorphic anterior medial preoptic nucleus (a), the bed nucleus of the stria terminalis (b), the anterior hypothalamic area (c), and the nucleus circularis (d). The sections were photographed under darkfield illumination. (Bar = 50 Am.) the tissue sections: prehybridization or cohybridization of a 100-fold excess of unlabeled antisense RNA with the 35S labeled riboprobe, and hybridization of the tissue sections to a labeled RNA probe transcribed from a linearized vector containing no insert. Sections from the fore-and mid-brains of control and experimental animals were mounted onto the same slides and adjacent sections were compared. In control experiments using sections from the same animal, the grain densities over magnocellular neurons ofthe supraoptic nuclei were similar for cells that were present in the same section or that were located on sections that were immediately adjacent to each other on the same slide. Variation was significant, however, when comparisons were made from slide to slide within the same in situ hybridization experiment. For quantitation of grains, the emulsion-dipped slides were counterstained with hematoxylin and eosin, and grain counts were performed on neurons that had been clearly sectioned through the nucleus. (20) ]. In the rostral forebrain of the female, extrahypothalamic oxytocinergic neurons are present, as previously defined, in the septohypothalamic nucleus and in the anterior hypothalamic area in the vicinity ofthe bed nucleus ofthe stria terminalis, a region referred to by previous reports as the lateral subcommissural nucleus (11, 12) or anterior commissural nucleus (21, 22) . However, extrahypothalamic oxytocinergic neurons are also widely scattered throughout the bed nucleus of the stria terminalis, the medial preoptic area, the anterior medial preoptic nucleus, the lateral preoptic area, the anterior periventricular nucleus, and the substantia innominata (Fig. 1) . The distribution of hypothalamic oxytocinergic neurons in the female is similar to that seen previously in the male by immunocytochemical (23) and in situ hybridization (21, 24) analysis and includes large groups of cells in the paraventricular nucleus, the supraoptic nucleus, the lateral hypothalamus, the nucleus circularis, and the periventricular nucleus (Fig. 1) .
RESULTS
Levels of Neuronal Oxytocin mRNA Increase Developmentally During Puberty. In adolescent female rats, the first estrous cycle occurs at approximately postnatal day 38 (25) . To determine whether the neural oxytocinergic system is modified during the development of sexual maturity, we examined the expression of oxytocin mRNA before and after puberty. Oxytocin mRNA levels increased between postnatal days 23 and 34 and continued to increase until they reached adult levels by postnatal day 50, as determined by Northern blot analysis (Fig. 2a) .
To determine whether this increase involved the recruitment of new oxytocinergic neurons during the pubertal period or a net increase in the levels of oxytocin mRNA per neuron, we performed in situ hybridization analyses. Postnatal day 19 or 23 animals were sacrificed, the brains were cryoprotected, and sections were taken every 80 ,um from the anterior commissure through the caudal extent of the hypothalamus. Hybridization of these sections to the oxytocin mRNA probe revealed that there were no qualitative differences in the distribution of the labeled neurons in the prepubescent versus mature female animals (Fig. 3) . Labeled cells were located in the same hypothalamic nuclei, giving rise both to intra-and extra-hypothalamic circuits (21) . There were marked differences, however, in the amounts of oxytocin mRNA per neuron in all of these nuclei, as detected by in situ hybridization. There was significantly lower hybridization of the 3"S-labeled oxytocin probe to neurons throughout the anterior hypothalamic midline, as well as in the supraoptic nucleus and the paraventricular nucleus, as detected on the autoradiograms. Examination of the emulsion-dipped sections revealed that there was a global decrease in levels of oxytocin mRNA in all of the hybridizing neurons regardless of their known or presumed targets (Fig.  4) . Neurons of the supraoptic nucleus, of the paraventricular nucleus, and in the anterior midline hypothalamus all contained at least 2 times less oxytocin mRNA in the prepubescent female than in the mature female, as determined by grain counting.
Neuronal Oxytocin mRNA Is Regulated by Ovarian Steroids in the Mature Female. To determine whether oxytocin mRNA Virgin levels were similarly regulated by ovarian steroids in the adult, we examined ovariectomized and lactating female rats. Virgin female rats killed 3 weeks after ovariectomy showed a significant reduction in the total levels of oxytocin mRNA in the brain, as detected by Northern blot analysis (Fig. 2b) . In contrast, oxytocin mRNA was increased in female rats after 23 days of lactation relative to virgin (Fig. 2a) or to pregnant females at 18 days of gestation (data not shown). In situ hybridization analysis revealed that the location of oxytocinergic neurons in ovariectomized females was similar to that seen in prepubescent or virgin female rats (Fig. 3) . However, the level of oxytocin mRNA per neuron was reduced in all of the hypothalamic nuclei relative to virgin females (Fig. 5) . in hypothalamic and extrahypothalamic oxytocin mRNA levels reflects a net increase in abundance of this mRNA per neuron rather than recruitment of new neurons. The developmental increase in oxytocin mRNA is at least partially reversible, as indicated by a net decrease in the amount of mRNA per neuron in the adult female rat after ovariectomy. In addition, oxytocin mRNA levels in mature neurons can be further up-regulated, as is observed during lactation, as described here and reported by Van Tol et al. (26) . These data suggest that oxytocin mRNA is regulated by circulating ovarian steroids in developing and mature neurons. The coordinate developmental regulation of oxytocin mRNA in neuronal systems important for both its peripheral and central effects on reproductive biology may contribute to the physiological onset of sexual maturity in female rats.
Puberty is the developmental transition between the juvenile and adult state, during which profound changes in hormonal, physical, and behavioral status ofan animal occur. Factors that control the onset of puberty are incompletely understood but involve a reactivation of the hypothalamopituitary gonadotropin-gonadal apparatus (27) . The increased secretion of gonadal steroids, which results as a consequence ofthis reactivation, subsequently influences the development of reproductive function and behavior. Estrogens, when administered to prepubertal animals, advance the onset of puberty (28) . The levels of endogenous circulating estradiol start to rise on postnatal day 33 (29, 30) The results presented here demonstrate that neuronal oxytocin mRNA levels increase between postnatal days 23 and 34 and continue to rise between postnatal days 34 and 50, after which they remain constant. These results are consistent with the hypothesis that increased ovarian steroids either directly or indirectly modulate the developmental increase in neuronal oxytocin mRNA. The increase in oxytocin mRNA may, in turn, be partially responsible for the physical and behavioral transition from a sexually immature juvenile to a sexually mature adult.
The factors regulating neuronal oxytocin mRNA in the mature female are likely to be diverse. As demonstrated here, ovariectomy leads to decreased oxytocin mRNA, presumably as a consequence of the lack of circulating ovarian steroids. Estrogen, the major female gonadal steroid, may, therefore, play a role in determining levels of hypothalamic oxytocin mRNA. The oxytocin gene 5' promoter region (16) contains the consensus sequence for the estrogen receptor binding site (32) . However, only a subset of oxytocinergic neurons are able to concentrate estradiol (13, 14) . Increased levels ofoxytocin mRNA during lactation further suggest that estradiol cannot be the only factor regulating oxytocin gene expression, since estradiol levels rapidly drop after parturition (33) . In addition to the effects of gonadal steroids, prolonged salt-loading will up-regulate oxytocin mRNA in the adult male (34) .
In all of the conditions examined, oxytocin mRNA levels are coordinately regulated in magnocellular neurosecretory and parvocellular intracerebrally projecting hypothalamic and extrahypothalamic neurons. Oxytocin plays a well defined role in the female during labor and lactation and has been implicated in both maternal and sexual behavior (1) (2) (3) (4) (NS 22347) , and the National Institute on Alcohol Abuse and Alcoholism (AA 06420).
